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Abstract 


Tungsten fiber reinforced superalloy composite (TFRS) impingement cooled 
turbine blade inlet gas temperatures were calculated taking into account mate- 
rial spanwise strength, thermal conductivity, material oxidation resistance, 
fiber-matrix interaction, and coolant flow. Measured values of TFRS thermal 
conductivities are presented. Calculations indicate that blades made of 
30 volume percent fiber content TFRS having a 12,000 N-m/kg stress-to-denslty 
ratio while operating at 40 atmospheres and a 0.06 coolant flow ratio could 
permit a turbine blade inlet gas temperature of over 1900K. This is more than 
150K greater than similar superalloy blades. 
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Summary 

Tungsten fiber reinforced superailoys (TFRS) are potentially useful as 
turbine blade materials because they liave many desirable properties. The pur- 
pose of the present work was to predict the magnitude of the turbine inlet 
gas temperatures potentially achievable using first generation TFRS turbine 
blades, both uncoated and with thermal barrier coatings. The calculations 
were based on TFRS composites assuming conservative properties and a specific 
hypothetical blade design. 

Bulk and surface metal temperature allowables were calculated for 30 and 
bO volume percent fiber TFRS and MVR M200 blades operating over a range of 
stress-to-density ratios. The TFRS were assumed to be cross plied for trans- 
verse strength, and the strength degrading effect of fiber matrix reaction 
penetration was considered. Tlie thermal conductivities of two representative 
TFRS were measured over a range of temperatures. Conductivities were calcu- 
lated for additional fiber contents and temperatures. Cooled blade lieat bal- 
ance values as well as pertinent material property equations were used to cal- 
culate turbine inlet gas temperatures. 

Tlie following results were obtained. Cooled TFRS blades may allow signif- 
icantly higher gas temperatures tl >' j are possible with superalloy blades. For 
Instance, compared to a MAR M200 impingement convection cooled blade operating 
at 40 atmospheres, with a coolant flow of 6 percent, and having a 12,000 N-m/kg 
stress-to-density ratio, similar geometry 30 and 60 volume percent TFRS blades 
may permit 130K and 200K higher inlet gas temperatures, respectively. At higli 
coolant flows (about 10 percent) a faO volume percent TFRS blade could operate 
at a turbine inlet gas temperature of over 2100K compared to only 1850K for a 
similar MAR M200 blade. TFRS blades may also allow coolant flow reductions of 
about 45 to 65 percent when operating at tlie same gas temperatures and stress- 
to-density ratios us similar M/\R M200 airfoils. 

Tliermal barrier coated TFRS airfoils could permit turbine inlet gas tem- 
peratures of 2100R at coolant flows below 4 percent, assuming the thermal bar- 
rier survived tlie temperature. Tlic inlet gas temperatures achievable with 
thermal barrier coated TFRS would probably be limited by tlie relatively low 
allowable ceramic-to-bonding alloy interface temperature, which will probably 
be under 1400K. On the other hand, the thermal expansion of TFRS might be 
made to closely matcli that of a zirconia thermal barrier. 'Hils would be ad- 
vantageous under thermal cyclic operating conditions, insofar as coating dur- 
ability is concerned. 
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The transverse (through the wall) conductivity of TFRS blades will be 
about 35 to 50 U/m-K, and their longitudinal (spanwise) conductivity will be 
about 45 to 65 W/m-K. A typical superalloy has conductivity of approximately 
25 W/m-K at 1300K. The roots of TFRS blades may be cooler during operation 
than the root of a similar superalloy blade because of the conductivity dif- 
ference . 


Introduction 


Tungsten fiber reinforced superalloy composites (TFRS) are potentially 
useful as turbine blade materials because they have many desirable properties, 
such as good stress rupture and creep resistance, high modulus, good oxidation 
resistance, ductility, impact damage resistance, and micro structural stability 
(Refs. 1 through 4). Furthermore, detailed estimates indicate that finished 
TFRS impingement convection cooled blades could cost less than DS superalloy, 

DS eutectic, or oxide dispersion strengthened blades. Ref. 5. 

Tlie purpose of the present work was to predict the magnitude of turbine 
blade inlet gas temperatures potentially achievable using first generation 
TFRS turbine blades. Potential impingement convection cooled TFRS blade inlet 
gas temperatures are calculated and compared to those potentially possible 
with a similar impingement convection cooled superalloy blade. Moreover, po- 
tential inlet gas temperatures of TFRS blades coated with a zirconia thermal 
barrier are presented. Also presented are measured values of TFRS thermal con- 
ductivity over a range of temperatures and fiber volume fraction loadings. 

The measured conductivities are extrapolated to other temperatures and fiber 
loadings of interest using equations from the literature. Some TFRS blade de- 
sign considerations are briefly discussed. 


Materials, Apparatus, and Procedure 

Thermal conductivity values were measured for two composites and two ma- 
trix materials to check the validity of calculations and provide a TFRS con- 
ductivity data I :. Tlie specimens and measurement procedure will be de- 
scribed in this section. In addition, the equations and assumptions used to 
calculate the conductivities and turbine blade inlet gas temperatures will be 
described. Also, the method of calculating TFRS metal temperature allowables 
will be described. 


Thermal Conductivity Specimens 

We measured the conductivity of four different materials in the experi- 
mental portion of this study. Tliey were 

1. Unreinforced FeCrAlY, 23 (weight percent) Cr - 5 Al - lY - Fe (bal.) 

2. W/FeCrAlY composite, W - 1 Tli02/FeCrAlY 

3. Unreinforced ALLOY 3, 15 Cr - 25 W - 2 Al - 2 Ti - Ni (bal.) 

4. W/ ALLOY 3 composite, 218CS/ALLOY 3 

218 CS is an unalloyed, doped tungsten lamp filament wire that has been cleaned 
and straightened. W - 1 ThC- is also an unalloyed lamp filament wire contain- 
ing a dispersed oxide phase. Both wires are heavily worked. 

All the composites were unidirectionally reinforced and in sheet or bar 
form. A typical composite sheet cross section after fabrication is shown in 
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Fig. 1; the bar cross sections were sioilar in appearance. The FeCrAlY matrix 
was fabricated into sheet by hot pressing layers of powder cloth as described 
in Ref. 6. The W/FeCrAlY composite was also fabricated into sheet but con- 
tained 50 volume percent tungsten fibers that were 0.038 cm in diameter. In 
both cases the sheet was about 0,13 cm thick which is approximately the wall 
thickness at the root of some advanced hollow turbine blade airfoils. The 
FeCrAlY and W/FeCrAlY sheets were cut into conductivity specimens 1.27 cm in 
diameter. The ALLOY 3 matrix and W/ALLOY 3 composite conductivity specimens 
were in the form of cylinders cut from bars. The bars had been fabricated by 
slip casting nickel alloy powder around he tungsten fibers and then hot iso- 
statically pressing as described in Ref. 3. The specimens measured *.27 cm 
in diameter by 0.3 cm tliick. The composite specimen contained 63 volume per- 
cent tungsten fibers whose axes were parallel to the axis of the cylindrical 
specimen. 


Thermal Conductivity Measurement 

We determined the conductivity of the W/FeCrAlY in a direction perpendic- 
ular to the fiber axis (transverse) and the conductivity of the W/ALLOY 3 in 
a direction parallel to the fiber axis (longitudinal) using the apparatus 
shown in Fig. 2. We used the same apparatus to determine the conductivity of 
the 'uireinforced FeCrAlY and ALLOY 3 matrices. As shown in Fig. 2, heat 
passe, through a thermocoupled reference coupon, then through the chermo- 
coupled TFRS, and finally through a second thermocoupled reference coupon. 

The reference coupons were 0.23 cm thick by 1.27 cm in diameter stainless 
steel cylinders thar had been carefully removed from a conductivity standard 
bar (Standard Reference Material 733-Ml) purchased from the National Bureau 
of Standards. The thermocouples were welded to each side of the reference 
coupons and specimen. 

The quantity of heat passing through each reference coupon can be calcu- 
lated using the measured temperature drop across the coupon, the coupon dimen- 
sions, and the coupon cond" 'tivity. We averaged the quantities of heat pass- 
ing through the two reference coupons and assumed that the average quantity 
also passed through the specimen between them. Taking the preceding into ac- 
count, we calculated the conductivity of the composites and matrices using the 
measured temperature drops across the reference/specimen/reference assembly 
substituted into the following equation: 

k = (Q X d)/(S X AT) (1) 

(Refer to Appendix for symbols.) Our measurements on samples having known 
conductivity values were accurate within 10 percent. We believe that this 
accuracy is adequate to indicate trends. 


Composite Conductivity Predictive Equations 

According to Ref. 7, the longitudinal conductivity (conductivity measured 
in a direction parallel to the fibers) of unidirectional fiber reinforced com- 
posites obeys the rule of mixtures. Thus, 

k, . (kj . Vj) (k„ . VJ (2) 

The transverse conductivity is not as easy to calculate. References 7 
to 10 propose a variety of different calculation methods. According to the 
references, these methods typically produce errors between calculated and ob- 
served values of under 10 percent. We elected to use the thermal model equa- 
tion from Ref. 7 because, according to the data in Ref. 7, it gives conserva- 
tive estimates of the transverse conductivity for square arrays at all fiber 
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contents, and It gives close estimates for hexagonal arrays at fiber contents 
under 60 volume percent. The equation Is 



Assumed Fiber and Matrix Conductivities 

To use the preceding equations, one must have conductivity values for the 
fibers and matrices under consideration. These conductivity values will vary 
as a function of alloy element content, prior material history, and the tem- 
perature at which the conductivity is measured. We chose some representative 
conductivity value, based on the following rationale: 

In the case of the matrix, we chose to use heat-treated nickel-base alloy 
conductivity values from Ref. 11. Figure 3 depicts the range of matrix con- 
ductivity values appropriate to TFRS. The upper bound is the conductivity 
curve for IN600 which Is the most conductive nickel base alloy under study in 
our laboratory for TFRS application. The lower bound is the conductivity 
curve for NIMONIC 80A which is the least conductive nickel base alloy matrix 
under study in our laboratory. In subsequent calculations, unless otherwise 
indicated, we used the average of the IN600 and NIMONIC 80A data. Thus, we 
define a typical matrix alloy to be one whose conductivity at a given temper- 
ature is given by 


k(typical) = (k(lN800) +k(80A)]/2 (4) 

We assumed that typical matrix alloys were isotropic with regard to conduc- 
tivity. 

Tlie range of conductivities appropriate to TFRS are also shown in Fig. 3. 
Tne conductivity values of annealed, pure tungsten from Ref. 12 are plotted in 
Fig. 3 as the upper bound of the tungsten conductivity band. Tlie conductivi- 
ties of current first genera'^ion fibers, such as W - 1.0 Th02 and W - 1.5 Th02, 
are assumed to be given by the middle tungsten curve in Fig. 3. Experimental 
data to be presented later indicate that this assumption is reasonable. Con- 
sequently, all calculations with Eqs. (2) and (3) involved the use of conduc- 
tivities given by the middle curve. Stronger tungsten fibers than those cur- 
rently in use may liave 40 percent less conductivity than annealed, pure tung- 
steni the resulting conductivity curve is plotted as the lower bound of the 
tungsten band in Fig. 3. The reasons for the lower bound are as follows. 
Tungsten fibers used as reinforcement are neither annealed nor pure. Accord- 
ing to Ref. 13, modest alloying (more alloying than is used in current rein- 
forcing fibers) can reduce annealed tungsten conductivity by 20 percent. More- 
over, our measurements of the electrical conductivity (which coi relates with 
thermal conductivity) of annealed, pure tungsten wire and worked, pure tung- 
sten wire indicate that worked wire may liave 15 percent lower conductivity 
than annealed wire. So, to be conservative, we subtracted 40 percent from the 
pure, annealed tungsten values to obtain an estimate for advanced fibers. 

Also, we assumed that the wire was isi.rropic with regard to conductivity. Ac- 
tually, because reinforcing fibers have a directional mic’"ostructure , they 
probably are anlso'ropic with respect to conductivity. We believe that this 
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will not have a significant effect, however. 


Heat Balance Equations 

An objective of this study was to compare the turbine inlet gas tempera- 
tures potentially obtainable using TFRS impingement convection cooled blades 
with those potentially obtainable using advanced-superalloy impingement con- 
vection cooled blades. Vie elected to compare TFRS to MAR M200 because it is 
one of the highest strength, high temperature turbine blade alloys in current 
use. Since thermal barrier coatings have shown much promise of late. Refs. 14 
and 13, we made our comparisons assuming both uncoated and thermal barrier 
coated blades. 


We used Eqs. (5) and (6) to calculate the metal and turbine inlet gas 
temperatures associated with the hypothetical impingement convection cooled 
turbine blade wall depicted in Fig. 4(a). 


Q 



"g'^g - "3> ■ L 


III 

III 


(T3 - T^) » h^(T^ - T^) 


(5) 


( 6 ) 


We used Eqs. (7) and (8) to calculate metal and turbine inlet gas temperatures 
for the hypothetical thermal barrier coated impingement cooled turbine blade 
wall shown in Fig. 4(b). 
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These equations were obtained from Kef. 14 where they were used to calculate 
temperatures for botli uncoated and thermal barrier coated air cooled vanes. 
Although these equations are for the one dimensional case, a comparison of 
calculations using these equations with experimental data made in Ref. 14 
indicated good agreement. 


The assumed values of the variables needed to solve Eqs. (5) to (8) are 
listed in Table I. The equation for h^, in Table I is from Ref. 14 as are 
the values for Kj and Kjj. Tlie gas heat transfei coefficient values are 
those that would be expected in an advanced engine operating at 40 atmospheres. 
Tlie nominal value of hg is taken to be 9000 W/m-K at 2200K (Ref. 15 used 
8994 W/m-K at 2200K) , and it is assumed to vary with temperature as indicated 
in Table I. Tlie magnitude of the temperature dependence was chosen to be sim- 
ilar to that indicated by Ref. 16. 


Material Temperature Allowables 

Use of Eqs. (5) to (8) to determine turbine inlet gas temperatures re- 
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quires Che definition of material temperature allowables. The cyclic oxida- 
tion and hot corrosion data in Ref. 17 indicates a maximum surface tempera- 
ture allowable for a FeCrAlY matrix TFRS of about 1A20K. We likewise infer 
from Che same reference Chat MAR M200 coated with a conventional high quality 
oxidation protective coating is limited to 1350K metal surface temperature. 

For thermal barrier coated blades, Ref. lA secs Che maximum temperature of the 
zlrconia-nichrome interface at 1365K. (Zlrconla is the thermal barrier, and 
nichrome is Che bond coating.) 

We developed the following system of equations to obtain an estimate of 
TFRS blade spanwise strength (o^) as a function of temperature (T) , time (t), 
and fiber volume fraction. 


log(a^) - Aj + B^ X T X (Cj + log(t)) 

(9) 

log(o J - A„ + B X T X (c + log(t)) 
m m m m 

(10) 

RP^ - RP^(initial) + D x exp(E/T) x t 

(11) 

XPLY - 0.95 - (0.3/O ) 
m 

(12) 

0 - V, X 0 , X ((R - RP)/R)^ X XPLY 

a t I 

(13) 

“ V, X p + V X p 

a t I m m 

(lA) 


Equations (9) and (10) are Larson-Mlller equations for unreacted fibers and 
matrix, respectively. Equation (11) gives tf i fiber-matrix reaction penetra- 
I on depth. Equation (12) provides an approximate estimate of Che fraction 
ri spanwise strength remaining after cross plying. Equation (13) gives Che 
composite blade spanwise strength. Only the unreacted fiber area is assumed 
Co carry spanwise load; matrix and reacted fiber area are assumed to carry no 
spanwise loads (the matrix must carry shear loads). TIte spanwise strength 
divided by the density (Eq. (lA)) gives the strength-to-denslty ratio. The 
values of Che constants assumed for a typical first generation TFRS are given 
in Table II. 

In order to obtain the values listed in Table II, we used W - 1 Th02/ 
FeCrAlY composite stress rupture and fiber-matrix reaction data taken from 
Ref. A. The composite stress rupture strength values were reduced by 10 per- 
cent and used with Eq. (13) (XFLY set equal to 1) to calculate apparent fiber 
strengths as functions of time and temperature. We fitted these calculated 
fiber stress rupture strengths to Eq. (9) by a least squares method. Matrix 
Larson-Miller parameters were selected to give strengths between those of 
1N600 and FeCrAlY wliich are the two weakest matrix alloys that we are cur- 
rently studying. Tlie reaction data from Ref. A were fitted Co Eq . (11) by a 
least squares method. 

Bulk metal temperature allowables for 30 and 60 volume percent TFRS and 
MAR M200 blades are given in Figs. 5(a) and (b). The MAR M200 allowable curve 
is a Larson-Miller fit of data from Ref. 11. Tlie strength-to-density ratio 
allowables for TFRS were calculated using Eqs. (9) to (lA) which assume a con- 
stant volume fraction fiber content along the blade span. Normally, In design- 
ing a blade an attempt would be made to vary Che fiber content as a function 
of strength requirements along the span. Tills would result In a lower average 
fiber content in the airfoil. Because the average airfoil density would be 
lower, stresses would be reduced and the allowables would be liiglier. Since 
selective reinforcement is not always possible, the calculations of this in- 
vestigation were made assuming constant volume fraction fiber content. Effec- 
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tlve selective reinforcement would normally require that the airfjil span be 
at least two times the average fiber critical length (critical length can be 
approximated by 2 x R x (^f/Og|): moreover, blade wall thickness, blade weight, 
and fiber-matrix reaction considerations must allow five or more plies to be 
used in each wall. 

In this report TFRS allowables from Fig. 3(a) (0.02 cm diameter fibers) 
were used in calculations because small diameter fibers are more easily in- 
corporated into the hollow aircraft size blades with which we are most con- 
cerned. However, in suitable applications (such as solid aircraft blades or 
larger land based turbine blades) larger diameter fibers would permit higher 
use temperatures than small diameter fibers as is evident in comparing 
Figs. 5(a) and (b). The reason for this is that the strength degradation 
caused by reaction between fibers and matrix is less severe as a function of 
time and temperature for larger fibers. Moreover, higher strength tiuigsten 
fibers (such as W-Hf-C, Ref. 2) chan those used in Ref. 4 (W-lTh02) could per- 
mit up to lOOK higher TFRS bulk temperature allowables (depending on the 
stress to density ratio). Furthermore, use of a stronger matrix (assuming 
all other properties were adequate) would also raise the allowables. Thus, 
the composite properties shown here are not the ultimate. They are represent- 
ative of current properties, and there is further growth potential. 

The two fiber contents were selected because they span the range of con- 
tents likely to be used in turbine blades, .or example, at fiber contents 
below 30 volume percent in the critical section (blade cross section at which 
expected stress rupture life is shortest), the strength-to-density ratio 
would not be significantly better than those of the best superalloys. How- 
ever, fiber contents between 30 and 40 volume percent in the critical section 
might permit a significant blade metal temperature advantage (depending on 
application) over the strongest current superallcys, such as MAR M200. And 
we calculate that the overall blade weights for these airfoil fiber contents 
may range from nearly equal to MAR M200 blade weight to only 10 percent 
greater than MAR M200 blade weights, for some current hollow blade designs. 
Thus, blades with these fiber contents could be suitable for use in aircr.aft 
engines where excess weight is a serious penalty. TFRS airfoil fiber contents 
will probably be 30 to 60 volume percent in land based turbines, according to 
Ref. 18. Although TFRS airfoils may outwelght superalloy airfoils by as much 
as SO percent in such an application, the extra weight may be acceptable be- 
cause overall engine weight is a much less important factor in land based 
engines. Increased disc stress due to the greater blade weight would be a 
concern, but discs could also be made heavier and stronger to accommodate 
these disc stresses in land based turbines. 

Tlie thermal barrier and bond coatings, wlien applied, are assumed to be 
dead weight that must be supported by Mie TFRS or MAR M200 blade wail. Conse- 
quently, bulk temperature allowables must be decreased to account for the in- 
creased stress. To obtain a corrected st ress-to-density ratio for use with 
Fig. 5, the TFRS stress-to-denslty ratio was multiplied by 1.09 and the MAR 
M200 stress-to-density ratio by 1,14 when the thermal barrier and bond coating 
thicknesses were assumed to be those listed in Table I. 

Little is known regarding bulk and surface temperature allowables of zir- 
conia and other thermal barrier coatings. However, to permit calculations, 
assumptions were made that these allowables were 2100K. It is recognized 
that these assumptions may be optimistic. 
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Results and Discussion 


Composite Conductivity Values 

Figure 6 depicts the conductivity expei Imental data obtained In this 
study . 

Tne unreinforced matrix values Indicate that FeCrAlY and ALLOY 3 have 
similar conductivities. Furthermore, their conductivities are similar to the 
typical matrix alloy defined earlier. Least square straight lines were drawn 
through the uat.i. data. 

Tne composite conductivities are substantially higher than the matrix 
conductivities . 

We calculated conductivity values for typical TFRS using the previously 
described equations and assumptions. The longitudinal conductivity values 
are plotted In Fig. 7, and the transverse conductivity values are plotted In 
Fig. 8. The TFRS conductivity experimental data are also reproduced on these 
figures. Tne measured conductivity of W/FeCrAlY and W/ALLOY 3 agree closely 
with the values predicted for typical TFRS. Subsequent references to TFRC 
conductivity are made wltli regard to the calculated curves. For comparison, 
Che conductivity values of MAR M200 , from Ref. 11, are also plotted. 

According to Figs. 7 and 8 the transverse -lonductlvlty of typical TFRS 
airfoils (30 to 60 volume percent fibers), at typical airfoil metal tempera- 
tures, will be about 35 to 50 W/m-K. Longitudinal conductivities will be 
about 45 to 65 W/m-K. Typical superalloys, such as MAR M200, have conductiv- 
ities of approximately 25 W/m-K at 1300K. 


TFRS Turbine Blade Design Considerations 

its Indicated In Fig. 5, TFRS blades can have significant metal tempera- 
ture advantages over conventional superalloy blades. <\nd as shown in Figs. 7 
and H, TFRS clearly have higher thermal conductivity than a typical advanced 
superalloy. To evaluate the significance of these facts, one must consider 
which advanced turbine blade cooling configurations arc likely to he used wltn 
TFRS. 


TFRS will probably be used with impingement convection cooled blades (and 
possibly fllm-cunvectlon cooled blades containing few holes). Thus, It Is 
fortunate that this design (Fig. 9) can have practical advantages over other 
designs. Tlie following, taken mostly from Kefs. 16, 19, and 20, may help to 
clarify tills point. The advanced turbine blade cooling methods being consid- 
ered by turf Ine designers are impingement convection, film-convection, full- 
film, transpiration, and liquid cooling. Impingement convection cooling, al- 
thougn the least efficient of these, is simple to achieve, it can Involve no 
aerodynamic penalty, and allows blade designs witli superior fatigue resistance 
relative to the other cooling methods. Tlius , impingement convection cooled 
blades can be reliable, long life blades. Film-convection cooled blades are 
relatively simple In design, offer excellent cooling efficiency in t!ie most 
critical regions of the blade, spill a relatively small amount of air in an 
aerodynamical ly detrimental way, but have lower fatigue resistance. On the 
other hand, full-film, transpiration, and liquid cooled designs offer very 
effective cooling, but they are subject to problems of complex construction, 
nlgli aerodynamic penalty. Increased susceptibility to oxidation damage, and 
poor fatigue resistance. 

Impingement convection cooled blades are cooled by several mechanisms. 
Heat passes tiirough the blade wall and leaves the blade via the cooling air 
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exiiauac. It also leaves by conducLlon along the span and flows into the disc. 
And it leaves by radiation to the environment. Since radiation is a function 
of the emissivity of the material surface which should be similar for TFRS 
and superalloys, subsequent discussion will not consider radiation. 

Effect of conduction along the span . - Calculations similar to those per- 
formed in Ref. ^1 indicate that netal temperatures near the root of a TFRS 
blade will be 5K to lOK cooler than those in a MAR M230 blade of similar geom- 
etry. This is due to the greater longitudinal conductivity of TFRS. Although 
disc temperatures might be raised slightly as a result, some turbine designs 
permit relatively easy disc cooling. Ref. 21. This property might be used to 
advantage in certain turbine designs; however, it may be a disadvantage in 
others. Also, greater longitudinal conductivity (combined with greater trans- 
verse conductivity) should result in lower blade metal temperature gradients, 
'this should result in lower blade thermal stresses. 

Effect of conduction through wall for blades without thermal barrier . - 
Turbine blade relative inlet gas temperature versus the coolant gas flow ratio 
is plotted in Fig. 10 for TFRS and MAR M200 blades with stress-to-denslty 
ratios of 12,000 N-m/kg and having the conductivities, metal bulk temperature, 
and surface temperature allowables described in Materials, Apparatus, and Pro - 
cedure . At 0.06 coolant flow ratio, which is a reasonable value for an ad- 
vanced engine, the 30 volume percent TFRS blade lias a 150K gas temperature ad- 
vantage over the MAR M200 blade. At 0.10 coolant flow, a high value currently 
used only in research engines, the 60 volume percent composite blade has a 
250K advantage over the MAR M200 blade. Note also that the projected 60 vol- 
ume percent TFRS turbine blade inlet gas temperature is over 2100K. Since the 
vane inlet total gas temperature is normally several hundred degrees higher 
than the turbine blade inlet relative gas temperature, use of TFRS blades 
could potentially permit near stoichiometric vane inlet gas temperatures. Be- 
cause vane stresses are much lower tlian blade stresses, TFRS vanes can prob- 
ably also be designed to permit such high vane inlet temperatures, assuming 
other problems of oxidation, fatigue, toughness, etc., can be overccioe. 

In some applications it may be more desirable to hold gas temperature 
constant and reduce coolant flow requirements. For instance, this might he 
done by substituting TFRS blades for superalloy blades in a current engine. 

In such cases the reduction in coolant flow could be considerable. Figure 10 
indicates that if MAR M200 and a 30 volume percent TFRS blade were both used 
at 1765K (0.06 coolant flow for MAR M200) tlie coolant/gas flow latio required 
by the TFRS wruld be 0.033, a Lb percent reduction in the cooling air flow 
needed. Using tlie 60 volunn percent TFRS blade at 1800K (0.026 coolant/gas 
flow ratio) would result in a 65 percent reduction relative to the MAR M200 
blahs (0.074 coolant/gas flow ratio). 

A third way to take advantage of TFRS blades would be to keep inlet tem- 
perature and cooling air flow the same as that of Che superalloy blade. This 
would result in much lower TFRS blade metal temperature and presumably a 
longer blade life. Even a smal^ , 25K to 50K, decrease in metal temperature 
could cause a many fold increase in stress rupture life for Che TFRS according 
' • Eqs. (9) througii (13). However, stress-rupture life is not the only cri- 
terion for long blade life. Otlier life limiting factors, such as fatigue or 
corrosion, may limit blade life. Thus, TFRS blade life prediction which takes 
all of these factors into account would require a computer s.mulatlon beyond 
the scope of this study. Tlius, we cannot say how much TFRS blade life would 
be Increased simply by reducing metal temperature. 

Effect of conduction through wall for blades with tnermal barrier . - Fig- 
ure 11 illustrates the effect of putting a thermal barrier coating on TFRS and 
MAR M200 blades both having a stress-to-denslty ratio of 12,000 N-m/kg (mul- 
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tlplled by tlie correction factor described previously). It Is easy to see, 
comparing Figs. 10 and 11, that the tlierroal barrier coating Is hlglily desir- 
able. Moreover, Fig. 11 Indicates t.iat with thermal barriers applied, the 
TFRS blades have lust much of their temperature advantage over MAR M200 blades. 
Tills is mainly due to the fact that at higher temperatures the performance of 
tlie barrier coated composites Is limited by the zlrconla-nlchrome Interface 
ter'perature allowable of 1365K. Tills temperature Is only slightly greater 
than the 60 volume percent TFRS bulk temperature allowable. Consequently, the 
thermal barrier coated 60 volume percent TFRS blade bulk temperature allowable 
Is not reached at coolant flows above 0.005. Clearly, the coated TFRS cannot 
be used to their best advantage for blades with a 12,000 N-m/kg stress-to- 
dcnslty ratio due to the zlrconla-nlchrome Interface temperature limitation 
efficient use of tiie coated TFRS blade strengths may only be possible at 
higher strcss-to-denslty ratios such as 16,000 to JO, 000 N-m/kg. Only at 
these higher stress levels would the TFRS bulk temperature allowable .'e 
reached without exceeding the Interface temperature allowable. Depending on 
fiber content, calculations show that coolant flow may still be under O.OA for 
turbine Inlet gas temperatures of 2100K at these hlglu-r stress-to-dcnslty 
ratios. 

/Vlthougli from tnc standpoint of heat transfer and blade Inlet tempera- 
ture, the thermal barrier coating works about as well on TFRS and superalloys, 
there Is another consideration. Tliat consideration Is the thermal expansion 
difference between tlie coating and the turbine blade or vane material to wlilch 
the coating Is applied. Tlie coefficient of thermal expansion for the zlrconla 
coating Is about 7x10"^ per degree K, Ref. 22. Fortunately, the thermal ex- 
pansion of TFRS could be made to be similar to that of zlrconla. According 
to our calculations, based on equations In Ref. 23, the TFRS coefficient of 
thermal expansion should range between 5-10“^ per degree K and 10x10“^ per 
degree K depending on fiber loading, cross ply configuration, matrix proper- 
ties, and measurement direction. As yet unreported thermal expansion measure- 
ments made by the authors support these calculations. If need be, the thermal 
expansion of the TFRS might be tailored closel/ to that of the zlrconla (or 
other similar thermal barrier coatings) by varying ply fiber contents and 
angles. Tlierefore, a thermal barrier coating could conceivably be more adher- 
ent on TFRS blades because of the potentially similar thcrnvil expansions. 

Thus, duraulllty of the thermal barrier coaling could potentially be greater 
on TFRS blades tiian on conventional superalloys. 


Su mmary of Resi il tji_ and Conc lu sion s 

The following major results and conclusions were obtained from an Inves- 
tigation to predict It. let gas temperatures potentially achievable with first 
generation TFRS turbine bladis; 

TFRS turbine blades may allow slgiii i Icantly higher Inlet gas tempera- 
tures than are possible with conventional superalloy turbine blades. For in- 
stance, Considering advanced Impingement convection cooled blades operating 
at 40 atmospheres, a coolant flow of D.Ub, and having a 12,000 N-m/kg siress- 
to-denslty ratio, 30 and bO voluim.* percent TFRS blades may permit 150R and 
200K nlgiier turbine inlet gas temperatures, respectively, tiiaii a similar MAR 
M200 blade. 

2. At high coolant flows (about 0.10) a 00 volume percent TFRS blade 
could permit turbine inlet gas temperatures of over 2100K compared to only 
1850K for a similar M/\R M200 blade. 

3. For a 12,000 N-m/kg st ress-to-density ratio, 30 and 60 volume percent 
TFRS may allow coolant flow reductions of approxl ivately 45 to 65 percent, re- 
spectively, compared to .’lAK H200 blades with the same stress-lo-denslty ratio 
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and oparacing ovar cha aaaa gaa tanparaCurc ranga (ISOOK to 1800K). 

4. Tharmal ba.riar coatad TFKS bladaa could parmit gaa Cemper.tturaa of 
210uK at coolant flowa balow 0.04 assuming the thermal bnrrler survived the 
temperature. 

5. The thermal expansion of TFRS can be made to closely match that of a 
airconia therisal barrier or other similar coatinst thus potentially improving 
adherence and durability of the coating. 

6. At typical blade fiber contents and operating temperatures ranging 
from lOOOK to 1400K, the transverse (through the wall) conductivity of TFRS 
blades will be approximately 35 to SO W/m-K, and the longitudinal (spanwise) 
conductivity will be about 45 to 65 W/m-K. Typical superalloys have conduc- 
tivities around 15 W/m-K at 1300K. 

7. The root of TFRS blades may be cooler during operatloi than the root 
of a similar geometry superalloy blade because of the spanwise conductivity 
difference. 
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Appendix - Symbols 


A, B, and C 
D and E 
d 
h 

Kj, Kjj, Kjjj 

k 

4’ ^II‘ 4ll 
Q 

P 

R 

RP 

S 

0 

T 

AT 

\v ^III 

t 

V 

w 

Subscripts: 

c 

f 

8 

1 
m 
t 
1 

2 


Larson-Mlller parameters 

2 

reaction penetration parameters, m /hr and K 
specimen thickness, m 

2 

gas heat transfer coefficient, W/m -K 

coefficients of thermal conductivity for ceramic coating, 
bond coating, and blade metal wall, respectively, W/m-K 

thermal conductivity coefficient, W/m-K 

thickness of ceramic coating, bona coating, and blade metal 
wall, respectively, m 

heat flux, W 

density, kg/m 

radius of fiber, m 

depth of reaction penetration, m 

2 

specimen or reference cross section area, m 
stress, MPa 
temperature, K 
temperature difference, K 

bulk (average) temperature of ceramic coating, bond coating, 
and blade metal wall, respectively, K 

time, hr 

volume fraction of the composite component 
mass flow rate , kg/s 


coolant gas side 
fiber property 
Inlet gas side 

longitudinal, i.e. , measured parallel to fibers 
matrix property 

transverse, I.e,, measured perpendicular to fibers 
Inlet gas-zlrconia Interface 
zirconia-nichrome interface 
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3 


ni chrome -blade metal wall interface 


4 blade metal wall-coolant gas interface 

Table I, Assumed Values for Solving Equations (5) to (8) 

/w 

n^ - 5.6x10^ f W/m^-K 

h - 1.7 T + 5260 W/m^-K 
8 ^ 

- 4.1x10“^ • Tj + 0.46 W/m-K 
Kjj - 8.3x10"^ • Tjj, +6.7 W/m-K 

Kjjj (30 volume percent TFRS) * 1.9x10"^ • + 12.4 W/m-K 

Km (60 voluiie percent TFRS) - 1.5x10"^ • T^^^ + 32.0 W/m-K 
K^jj, (MAR M200) - 1.71*10“^ • T^^j + 2.6 W/m-K 
Lj - 0.13x10"^ m 
- 0. 10x10’^ m 
- 1.3x10"^ m 

T “ varies from 1400K to 2100K 
8 

T - 81 IK 
c 

^1’ ^2* ^3’ ^4 
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Table II. Constants Used for Solving Equations (9) Through (14) 


Aj - 4.0433 


- -3.5841x10 


Cj - 23.192 


A - 3.89 

m 


B - -1.03x10 
m 


C - 20 
m 


-5 


r These give stress In hPa 


D ■ 584 m^/hr 
E - -48.200K 
Pj - 19,100 kg/m^ 

p ■ 7500 kg/m^ 
n 


RP (Initial) - 3.05x10"^ m 
R “ 0.1x10“^ m or 0.4x10“^ m 
t ■ 1000 hrs 
T - 1200K to 1500K 
Vj - 0.30 or 0.60 
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(a) 25 DIAMETERS MAGNFICATION. (bl 500 DIAMETERS MAGNIFICATION. 

Figure 1. - Photomicrograph of W-lThO^/FeCrAlY sheet showing regular hexagonal 

fiber array and reaction zone caused by reaction penetration after exposing to fab- 
rication temperatures of 1395 y. (or l hour. Fiber diameter, 0.038 cm. 
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Figure 2. - Thermal conductivity measurement apparatus. Heat passes through standards and specimen 
between them. Precision thermocoupie thermostatic cold junction and potentiometer used to deter- 
mine temperatures. 
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Figure 3. - Assumed thermal conductivities of TFRS 
flier and matrix alloys. The 218 tungsten curve 
and middle of matrix band were assumed to be 
typical and used in calculations. 




Dt THERMAL BARRIER COATED WALL. 

Figure 4. - Sketch of hypothetical im- 
pingement cooled blade wall showing 
relationships among variables and 
parameters. 
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Figure $. - Relationship between TFRS blade strength and metal tem- 
perature for TFRS having current strength properties (there Is 
grmth potential). Note that the advantage of TFRS over MAR M200 
increases as stress-to-density decreases and as fiber diameter in- 
creases. 
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Figure 6. - Measured thermal conductivity of 
TFRS composites and matrix alloys. 



Figure 7. • Calculated longitudinal ispanwisel con 
ductivitles of typical TFRS. 





COOLANT FIOW/GAS FLOW 


Figure 10. - Turbine blade inlet relative gas temperature 
as a function of coolant/gas flow ratio for hypothetical 
advanced engine operating at 40 atmospheres pressure. 
Blades assumed to be impingement convection cooled 
with a coolant temperature of 811 K. 



COOIANT FtOrt/CAS flOW 


Figure 11. - Thermal barrier coaled turbine blade inlet 
relative gas tenpi'ralure as a function coolant/gas 
flow ratio lor hypothetical advanced engine operating 
at 40 atmospheres pressure. Blades assumed lobe 
impingement convection coaled with a coolant tem- 
perature of 811 K. 
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